Induced mutations have been used to generate novel variation for breeding purposes since the early 1900s. However, the combination of this old technology with the new capabilities of high-throughput sequencing has resulted in powerful reverse genetic approaches in polyploid crops. Sequencing genomes or exomes of large mutant populations can generate extensive databases of mutations for most genes. These mutant collections, together with genome editing, are being used in polyploid species to combine mutations in all copies of a gene (homoeologs), and to expose phenotypic variation that was previously hidden by functional redundancy among homoeologs. This redundancy is more extensive in recently formed polyploids such as wheat, which can now benefit from the deployment of useful recessive mutations previously identified in its diploid relatives. 
range of the wild species, exposing these crops to different photoperiod and temperature oscillations. These changes imposed a strong selection pressure on genes and pathways critical for reproductive success in the new environments. Since ancient times, wheat growers have been selecting mutations in reproductive regulatory genes that are critical to obtain plants that flower at the optimal time and maximize grain production (Figure 1) . Ancestral photoperiod-sensitive winter barley and wheat forms evolved to generate different types of photoperiod sensitivity and different degrees of vernalization requirements. Because wheat and barley expanded together (71) and are still frequently grown in similar locations, the adaptive changes in the reproductive systems of these two related species provide a unique opportunity to compare changes selected in diploid and polyploid species.
Allelic differences in PPD-1 are responsible for most of the natural variation in the photoperiodic response in barley and wheat. In barley, a loss-of-function recessive mutation in PPD-H1 (the H indicates the H genome of barley) results in limited acceleration of flowering during long days (97) . By contrast, the deletions selected in the promoter regions of the wheat PPD-A1 and PPD-D1 genes result in the misexpression of these genes during the night (5, 107) , which is sufficient to accelerate flowering during short days (64) . Although natural polyploid wheats with simultaneous loss-of-function mutations in all PPD-1 homoeologs have not been reported so far, the combination of loss-of-function mutations in the three PPD-1 homoeologs in hexaploid wheat using molecular markers results in a reduction in the acceleration of flowering during long days, similar to the one reported in barley (64, 80) .
The difference in the types of mutations selected for PPD-1 between diploid and polyploid species is also evident in the VRN2 vernalization gene, which acts as a flowering repressor (Figure 1 ). Natural variation in the vernalization requirement for both barley and wheat is frequently associated with deletions or mutations in the regulatory regions of the VRN1 gene (22, 30, 43, 46, 60) , which promotes the transition of the apical meristem between the vegetative and reproductive stages. However, a spring growth habit associated with natural loss-of-function mutations or deletions of the VRN2 gene has been observed so far only in barley and diploid species of wheat (17, 100, 110) (Figure 1 ). The combination of nonfunctional or deleted VRN2 genes in all three homoeologous VRN2 loci in hexaploid wheat using molecular markers results in a spring growth habit (42) , suggesting that the lack of similar combinations in nature was likely due to the inability to select phenotypically the individual mutations in the presence of other functional homoeologs.
These examples suggest that recessive mutations are more difficult to select in the young polyploid genomes than in diploid wheat and barley species. This is likely because of the extensive functional overlap among wheat homoeologous genes, which have had very limited time to diverge since the recent polyploidization events that gave rise to the polyploid wheat species. This has favored the selection of dominant or semidominant mutations in the polyploid wheat species during domestication and more recent breeding efforts. These mutations are usually epistatic over the other homoeologs, facilitating the rapid detection of favorable phenotypes. The selection of the Q gene (APETALA2 on chromosome 5A) responsible for free-threshing grains in wheat (82) is another good example of these types of mutations. The free-threshing Q allele originated from a silent mutation in the microRNA miR172 binding site in the 5A homoeolog that reduces the cleavage of this specific transcript. This mutation results in high levels of AP2 thus conferring a dominant effect on the phenotype that is not dependent on additional mutations in the other AP2 homoeologs (13) .
A large group of well-studied genes for resistance to wheat and barley rusts provides an additional example of the different types of mutations selected in polyploid and diploid Triticeae species. In tetraploid and hexaploid wheat, almost all characterized resistance genes are dominant www.annualreviews.org • Induced Mutations in Polyploid Wheat 437 or semidominant (19) . Among the 135 rust resistance genes with inheritance information listed in the 2017 Catalogue of Gene Symbols for Wheat, only 9 genes are characterized as recessive (6.7%) (57) . The proportion of reported recessive rust resistance alleles in barley is higher (26.3%, χ 2 P = 0.0007) (see Supplemental Table 1 ). In diploid wheat, Triticum monococcum, we recently mapped the recessive stem rust resistance gene SrTm4 on a region of the long arm of homoeologous group 2 where no recessive rust resistance genes have been reported so far in polyploid wheat (9) . The barley rust resistance gene Mildew Locus O (MLO) is also a good example of a mutation-induced recessive resistance gene selected only in a diploid species (10) . Recently, Wang et al. (103) and Acevedo-Garcia et al. (1) demonstrated the feasibility of using either gene editing or induced mutants to generate triple mutants for the A, B, and D genome homoeologs of MLO in wheat by crossing, which conferred strong resistance to powdery mildew.
The fact that mutations in a single wheat homoeolog are frequently masked by redundancy from other homoeologs suggests that recessive variation in polyploid wheat has remained hidden, for the most part, from natural and human selection (8, 47) . In many cases, single and double (75, 84) . In other genes, dosage effects are sufficient to result in visible phenotypes that can be selected by breeders (81) . This is the case for the Grain Protein Content (GPC-1) gene where combining an increasing number of mutant homoeologs leads to a progressive delay in leaf senescence, which is maximized in the triple mutant (4, 98) . In summary, recessive mutations are difficult to select in young polyploid crops given the subtle phenotypic differences that they confer compared to wild-type plants. However, the extensive catalog of sequenced mutations now available in wheat (47) provides the opportunity to combine loss-of-function mutations in multiple homoeologs to reveal this hidden variation. The tools are now available to transfer beneficial recessive mutations identified in diploid species to the commercial polyploid wheats.
GENERATING INDUCED MUTATIONS IN POLYPLOID WHEAT
Radiation has been used to generate variability in plant research since the late 1920s. Work by between 1928 and 1930 showed the use of X-ray treatments to induce visible mutants in diploid and polyploid grasses such as barley, maize, oat, and wheat. Stadler's seminal work established that the rate of visible mutants recovered after mutagenesis in diploids was proportional to the radiation intensity. However, polyploid oat and wheat species yielded few Natural and induced variation for flowering in diploid barley and polyploid wheat. (Top) Winter cereals require long periods of cold temperatures (a process called vernalization) to become competent to flower. In these species, winter growth habit is the ancestral state and is determined by the presence of both functional VERNALIZATION 2 (VRN2) alleles that repress flowering and VERNALIZATION 1 (VRN1) alleles that promote flowering after vernalization. In the absence of vernalization, the shoot apical meristems remain in a vegetative stage (see pictures). VRN2 acts as a repressor of FLOWERING LOCUS 1 (FT1) (111) , which encodes a mobile protein that carries the photoperiod signal from leaves to the shoot apical meristem (96) . FT1 is required to form a floral activation complex that induces the meristem identity gene VRN1 (49, 112) , which is critical for the transition of the apical meristem to the reproductive stage. The natural upregulation of VRN1 during the winter prevents the induction of VRN2 in the spring, which results in the upregulation of FT1 and the initiation of flowering. (Middle) In spring cereals, naturally occurring mutations or deletions in the VRN1 promoter or first intron (red diagonal lines) result in the premature activation of VRN1, the repression of VRN2, and the upregulation of FT1 in the absence of vernalization. This is sufficient to initiate the transition of the apical meristem to the reproductive stage (see pictures). Because these VRN1 natural mutations are dominant, it is sufficient to mutate one of the three VRN1 homoeologs to repress all the VRN2 homoeologs and induce flowering. Dominant mutations are frequent in both diploid and polyploid species. (Bottom) A spring growth habit can also be determined by the elimination of all functional copies of VRN2. In the absence of VRN2, FT1 is activated, inducing VRN1 and the transition to the reproductive stage without vernalization. In barley, mutations or deletions in the single VRN2 locus are sufficient to determine a spring growth habit, and this is frequently observed in this diploid species. By contrast, mutations or deletions in all three VRN2 homoeologs need to be present to determine a spring growth habit in polyploid wheat. This is an unlikely event, and this combination has not been observed in natural polyploid wheats. However, a spring polyploid wheat was recently obtained using molecular marker assisted selection (MAS) to combine a nonfunctional vrn-A2 allele from common wheat, a vrn-B2 deletion from Triticum turgidum subsp. dicoccon, and a vrn-D2 loss-of-function mutation from Aegilops tauschii (42) . In general, recessive mutations are easier to detect in diploid species than in young polyploid species. Wheat 439 or no visible mutant phenotypes when subjected to otherwise lethal doses in diploid species. An increase in the ploidy level in wheat, from diploid to hexaploid, led to a progressive decrease in the number of visible mutants (86) . Based on these observations and inspired by Nilsson-Ehle's (61) earlier work on seed color in wheat, Stadler assumed that the 21 chromosomes of hexaploid wheat represented three groups of 7 pairs each and that these groups shared a proportion of identical genes. Already at this early stage, Stadler (86, pp. 877-78) concluded that the presence of gene "reduplication" (i.e., homoeologs) would not allow recessive mutations to "appear" as visible effects in polyploids. This buffering effect of polyploidy was supported by later studies in diploid and polyploid Avena (oat) and additional wheat species (21, 26) .
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Chemical mutagenesis agents such as ethyl methanesulfonate (EMS) became commonplace in wheat research in the 1960s (78, 91) . EMS was shown to produce point mutations in wheat (G to A and C to T) contrary to radiation, which produced large deletions and chromosome breaks (54) , and was adopted both for developing new alleles for breeding (27, 45) and for functional studies (20, 23) . Its use, however, was limited by the reduced number of visible mutations, similar to the challenge that Stadler confronted in the 1920s.
An important breakthrough came with the development of the TILLING (targeting induced local lesions in genome) approach (56) , which provides a relatively simple strategy to identify mutants (or lesions) in a target sequence independently of its phenotypic effect. TILLING approaches require a population of, typically, EMS-induced mutants and a screening method to identify individuals with mutations in the target gene (reviewed in 101). Mutations are then prioritized based on their potential to disrupt protein function. Truncated proteins resulting from a premature termination codon or a change to a canonical splice site provide a high probability of functional disruption. However, nonsynonymous mutations resulting in amino acids with different chemical properties (31) and located in evolutionary conserved positions of the protein also have a good probability of altering protein function (48) . The higher the number of mutant alleles recovered, the higher is the probability of identifying an allele leading to a nonfunctional protein.
Young polyploids are especially well suited for TILLING due to their tolerance of high densities of induced mutations compared to diploid species (101) . We examined the mutation rates of 54 published studies that, in most cases, used the highest possible dose of EMS to develop TILLING populations (Figure 2 ) (see also Supplemental Table 2 ). We found a significant difference (Kruskal-Wallis P < 0.001) between the mutation rates in diploid species (4.3 ± 0.8 mutations per megabase) and those in young polyploid species (26 ± 3.8 mutations per megabase). Within polyploid species, tetraploids had significantly (P < 0.02) lower mutation rates (22.4 ± 6.1 mutations per megabase) than hexaploids (31.1 ± 2.8 mutations per megabase). Among diploids, two populations stand out for their high mutation rates: the flax Linum usitatissimum (24.4 mutations per megabase) (11) and the yellow sarson/mustard Brassica rapa (16.7 mutations per megabase) (88) . However, these two species went through whole genome duplication (flax) (104) or triplication (yellow sarson) (102) events that occurred within the last nine million years. As in maize, these species should be better classified as polyploids in an intermediate stage of diploidization.
The comparison of mutation densities between diploid and polyploid species supports the hypothesis that loss-of-function mutations in polyploids are masked by genetic redundancy among homoeologs. The direct link between ploidy level and tolerance to increasing mutation densities was established in an elegant study by Tsai et al. (94) . Here, mutation densities were compared between a diploid Arabidopsis and a newly synthetized autopolyploid from the same accession. The autopolyploid lines tolerated fivefold higher dosage of EMS treatments than the original diploid lines and had higher mutation densities.
The high density of mutations tolerated by polyploid species increases the number of mutant alleles recovered per plant and reduces the cost of implementing high-throughput sequencing approaches to identify them. However, the utilization of these strategies in wheat requires an intermediate step to reduce the complexity of the large wheat genomes.
COMPLEXITY REDUCTION TO IDENTIFY INDUCED, RANDOM MUTATIONS IN TARGETED GENOMIC REGIONS
Direct whole genome shotgun (WGS) sequencing to identify and catalog induced mutations is a feasible approach for species with small genomes (39, 50, 70, 95) . However, accessing induced variation for a large number of individuals in wheat by WGS sequencing is not economically feasible because of the large size of the wheat genome (12 Gb in tetraploid and 16 Gb in hexaploid wheat) (6) . Genes represent less than 2% of the wheat genome (38) and the rest mainly comprises highly repetitive sequences. Mutations in the repetitive sequences cannot be easily identified, uniquely mapped to a physical position, or assigned a biological function. The sheer size of the hexaploid wheat genome makes WGS sequencing of mutant lines a costly and computationally
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Supplemental Material intensive proposition. Even using a HiSeq X platform, today's cost of sequencing the genome of a single mutant hexaploid line is approximately $8,000. With the exome capture technique, a smaller, specific portion of a plant genome can be captured for resequencing if the target sequences are known. This is achieved by the use of small biotinylated nucleotide probes, typically RNA, with homology to the target sequence. Hybridization of the probes to the WGS library followed by probe capture enriches for the target sequence prior to sequencing (36) . The technology is well established, with several commercial service providers offering probe synthesis. Multiple laboratories around the world have designed and captured the protein coding regions of the wheat genome using exome capture to discover SNPs (3, 108) and catalog induced mutations (32, 41) . Most recently, Krasileva and colleagues (47) described a wheat TILLING resource for pasta and bread wheat containing 2,735 lines with more than 10,000,000 EMS-induced mutations. In this study, DNA from four to eight mutant individuals was pooled, captured, and sequenced to obtain at least 20 million 100-base pair (bp) paired-end reads per sample. Although this would be equivalent to 0.4-0.6 times coverage across the whole genome, the complexity reduction using exome capture resulted in a median of 21 times coverage at mutation sites, a 40-to 60-fold enrichment.
Exome captures are biased by the gene space annotated in a reference sequence. Automated de novo gene-prediction programs can often miss real genes and include artificial ones. Prediction programs that incorporate expression data (e.g., RNA-Seq) perform better at predicting genes, but can still fail to detect those with low expression or with a very restricted expression profile. In addition to the mutations not detected in genes excluded from the capture assay, further mutations will be missed if a gene sequence present in the capture assay is absent from the reference genome used to map the reads. A single reference genome only represents a certain proportion of the pangenome space of a plant species (35, 51, 59, 90) . Recent resequencing and annotation of 19 wheat genomes suggest that the reference genome of the Chinese Spring landrace is missing approximately 12,000 genes present among the pangenome of elite, commercial cultivars (59). Krasileva et al. (47) used RNA-Seq data from multiple varieties to enrich the exome capture assay, and further expanded the reference sequence by reassembling the reads that did not map to the original reference in each of the TILLING populations. The quality of the assembly of unmapped reads was improved by using unmapped reads from multiple mutant plants. This increases the proportion of targeted captured sequences relative to the nontargeted DNA sequences, which are variable across individual mutant lines. Resequencing of multiple wheat varieties (18) will ultimately improve future exome capture designs and generate a more complete reference with which to map the captured reads.
STRATEGIES TO LINK INDUCED VARIATION WITH PHENOTYPES

Sequenced Mutant Populations
Reverse genetic approaches, such as TILLING, are well suited to polyploid species because mutations in individual homoeologs can be identified and combined before analyzing the phenotype. However, the screening of TILLING polyploid populations by PCR amplification and sequencing requires the development of efficient genome-specific primers, a task that requires sequences from the different homoeologs and practical experience (93, 99) . The advent of next-generation sequencing provides a new platform for detection of mutations in the different homoeologs and eliminates the need to generate genome-specific primers. The simultaneous sequencing of most of the mutations present in the different homoeologs also eliminates the need to access the DNAs of the TILLING populations to search for a mutation. (32) solves this problem by eliminating variants that appear in more than one mutant included in each analyzed batch (a batch normally contains 24-30 mutants; 3 are shown for the sake of this example). This approach removes both varietal SNPs (purple) and homoeologous SNPs (blue). The residual variants present in a single mutant can be attributed to sequencing errors (gold) and real EMS-type mutations (red). The two can be distinguished by their frequency: Homozygous and heterozygous EMS mutations are expected to be present in all or half of the reads, whereas errors are randomly distributed in one read or exceptionally more. In addition, EMS generates only G to A and C to T mutations in wheat. The MAPS pipeline allows users to define the minimum coverage required to call a mutation homozygous (HomMC) or heterozygous (HetMC). Using HetMC = 5 and HomMC = 3 values resulted in >99.8% accuracy in the detection of wheat mutations (47) .
In wheat, the coding regions of homoeologous genes are on average 97.2% identical (with a standard deviation of 1.8%) (76) . Therefore, 100-bp paired-end reads are expected to include on average 5.6 SNPs, which is sufficient to map most of the reads from the mutant lines to unique places in the reference (Figure 3a,b) . As the size of the paired-end reads continues to increase, the proportion of reads mapped to unique sequences will also increase, and it will be possible to expand this approach to polyploid species with even more similar genomes. Even for those individual reads that are mapped to more than a single genome location, it is still possible to identify mutations. A dedicated bioinformatics pipeline was developed by Krasileva et al. (47) to keep track of the multiple locations where those reads map (designated as multimap reads) and to provide users with those alternative locations.
Krasileva et al. (47) used an 84-Mb exome capture assay to sequence the coding regions of 1,535 tetraploid (cultivar Kronos) (99) and 1,200 hexaploid (cultivar Cadenza) (67) mutagenized lines. More than 10 million uniquely mapped high-confidence (P > 0.998) EMS-type mutations were identified using the MAPS bioinformatics pipeline (32) (Figure 3c) . Across the complete populations, this represents a density of 35 mutations per kilobase in tetraploid wheat and
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IN SILICO FUNCTIONAL GENOMIC RESOURCES
It seems likely that in the coming years multiple mutant populations will be sequenced to establish in silico functional genomic resources in crops. This approach requires an up-front investment but generates a lasting and easy-to-use community resource. The specific sequencing strategy will depend on the genome size, the cost-effectiveness of sequencing platforms and complexity reduction methods, the similarity of the genomes, and the objective of the resource (e.g., to generate a complete genome sequence versus the protein-coding exome). Recent examples include the complete genome sequence for 1,504 mutant lines of rice (50) and 256 mutant lines of sorghum (39) , which have a relatively small diploid genome (389 Mb and 750 Mb, respectively) compared to the genome of polyploid wheat (16,000 Mb). Despite the small population size in the sorghum study, 57% of the genes harbored at least one disruptive mutation (truncation or missense SIFT < 0.05). In soybean (975 Mb), 12 mutant lines were sequenced to verify mutation density in a new mutant population that was then screened with amplicon resequencing (95) .
More recently, a population of over 1,000 Brassica rapa (a diploid genome of 485 Mb) mutant lines was exome captured and sequenced and made available online (70, 88) . Together with the sequenced mutant resources in tetraploid and hexaploid wheat (47), these examples document a shift towards whole genome/exome-sequenced mutant populations in the major crop species.
40 mutations per kilobase in hexaploid wheat. Effects were predicted for 7.1 million mutations (67%) using the International Wheat Genome Sequencing Consortium gene models (38) . Of these, 3% corresponded to truncations (premature termination codons or splice variants) and 38% were missense. The mutation density was sufficient to find an average of 23-24 predicted missense and truncation alleles per population per gene. Using the sorting intolerant from tolerant (SIFT) algorithm (48), we found that over 85% of genes captured had at least one putative reducedor loss-of-function mutation (SIFT < 0.05). When truncation mutations were added, more than 90% of the captured wheat genes were expected to have mutations severely affecting their function (47) . To facilitate the utilization of these mutations, we designed homoeolog-specific SNP assays (69, 77) for the majority of the mutations and seeds from all sequenced mutant lines were deposited in public repositories. These sequenced mutant populations are a valuable resource for functional studies, and similar strategies can be applied to other crop species (see the sidebar titled In Silico Functional Genomic Resources). Although this review focuses on reverse genetic approaches, natural and induced variation at a single locus can lead to sufficient phenotypic differences between wild-type and mutant individuals in a polyploid species to allow traditional (forward) genetic mapping. The causal mutations of the phenotypes identified in forward screens can be identified by map-based cloning, which has been used successfully in wheat (98, 111, 114) . However, these methods are laborious and timeconsuming, limiting the rate at which genetic loci can be identified. Combining high-throughput sequencing and genomic technologies provides an opportunity to greatly accelerate the identification of causal mutations (68, 72, 74, 89) . This process is also greatly accelerated when the mutant phenotypes are identified in the sequenced mapping populations. However, thus far these methods have been restricted to single locus loss-of-function mutations and have not been implemented for more complex quantitative traits in polyploid wheat.
Targeted Mutagenesis via Genome Editing
Genome editing technologies provide new routes to induce variation in a more targeted manner than random chemical mutagenesis. The first examples of gene editing in wheat aimed to generate 444 Uauy · Wulff · Dubcovsky double-strand breaks in precise genomic positions to induce small deletions. Early work in wheat used the transcription activator-like effector nucleases to simultaneously target the three homoeologous copies of MLO (103) . This method was rapidly superseded by Cas9-mediated gene editing, which was shown to be effective for inducing small deletions in wheat protoplast (79) and in stably transformed plants when a single homoeolog was targeted (103) . Since then, several studies have shown the feasibility of generating transgene-free edited wheat using the Cas9 systems. These include transiently expressed plasmid DNA, in vitro synthesized mRNA of the Cas9 endonuclease and guide RNAs, and preassembled ribonucleoprotein complexes of purified Cas9 and in vitro transcribed guide RNAs (52, 114) . The latter two methods avoid transgene integration altogether because no DNA is introduced into the plant. Between 1% and 3% of bombarded embryos show an on-target deletion event using these methods, resulting almost exclusively in frameshift alleles and truncated proteins. Across these studies (52, 103, 114) , seven genes have been edited in both tetraploid and hexaploid wheat.
Most recently, base editing was documented in wheat using a mutant nickase version of Cas9 fused to a cytidine deaminase (116) . In this system, cytosine residues in a fixed position within the protospacer sequence [13-18 bp from the protospacer adjacent motif (PAM)] were substituted to thymine without double-strand breaks. Although only a single homoeolog was targeted in this study, it expands the applications of genome editing in wheat by shifting from targeted deletions into targeted base editing. Imminently, allele replacement (115), targeted gene insertion (25) , and additional applications (66) are likely to be implemented in wheat. This raises the possibility of developing dominant alleles in single homoeologs in a targeted manner.
The sequenced mutant populations and the Cas9-mediated gene editing technologies provide complementary approaches to generate and utilize induced variation in polyploid wheat. Each approach has its own merits and demerits relating to the initial investment by researchers, access to the technology, the range of mutations that are identified, and the use of these mutations in breeding (47) . These are summarized in Table 1 .
STRATEGIES FOR THE USE OF MUTANTS IN GENE ANALYSIS AND BREEDING
To overcome the functional overlap among homoeologs, researchers and breeders need to identify loss-of-function mutations in the A and B genome copies in tetraploid wheat and in the A, B, and D genome copies in hexaploid wheat, and combine them through crossing to select homozygous double or triple mutants in the F 2 generation. Because these crosses take time, it is critical to select mutations with a strong effect on gene function. As discussed previously, use of truncation mutations gives the best chance of achieving this objective, followed by use of mutations in conserved regions of the protein. However, using missense mutations is riskier as it is difficult to predict a priori if the change in amino acid will completely eliminate protein function (see the sidebar titled Missense Mutations, Deletions, and Natural Mutants). If no phenotype is observed after multiple crosses, it is difficult to determine if this is due to the ineffectiveness of the missense allele, a different biological function of the gene in question, or redundant function between paralogous genes.
The high frequency of truncations and deleterious mutations detected in sequenced polyploid wheat mutant populations is advantageous for selecting mutations with a high likelihood of disrupting protein function. It also provides an extended allelic series for detailed functional characterization (e.g., WKS1) (23) TILLING populations an average tetraploid mutant line has 2,705 high-confidence EMS-type mutations that, on average, result in approximately 50 truncation alleles and over 670 missense mutations per individual mutant line in currently annotated genes. The expectation for Cadenza, which has a higher mutation load, is for there to be approximately 110 truncation alleles and close to 1,400 missense mutations per individual in annotated genes. Put another way, between 1.5% and 2% of the genes in any given wheat mutant line will have a truncation or missense allele (47) .
MISSENSE MUTATIONS, DELETIONS, AND NATURAL MUTANTS
Given the time required in wheat to combine mutants in all homoeologs, initial efforts to determine the effect of individual missense mutations on the activity of the protein are justified. For well-characterized protein domains, one can select mutations that affect known active sites (12, 23) . However, for most proteins, computational methods are used to predict the effect of mutations on protein function (e.g., 48). The majority of these methods rely on the principle that proteins of related species performing common functions have evolutionary conservation in key amino acid residues. Mutations affecting these positions are predicted to be deleterious. However, recent methods, which account for residue dependencies between all positions in a protein, have been shown to outperform traditional single-position models (37) . In some cases, natural variation may be available to complement induced mutants (4, 23, 83, 98) , whereas, in other cases, one of the homoeologs may not be expressed, simplifying the development of null mutants (14, 65) . Gamma-irradiated deletion populations can also be used to complement natural and induced variation. These large deletions are particularly useful when closely related genes are duplicated in tandem. Ultimately, the best strategy will depend on the availability of induced mutants and deletions, natural variation, and the specific gene being targeted. (Bottom) Mutant lines also can be backcrossed (BC) for n generations to the wild-type parent, and progeny carrying the mutation can be selected using marker assisted selection (MAS). On average, each BC generation reduces unlinked background mutations by half. When the desired reduction of background mutations is achieved, BC n F 2 siblings differing for the target mutation (red triangle) are selected. Abbreviation: SIFT, sorting intolerant from tolerant algorithm.
Several strategies can be used to minimize the confounding effects of high numbers of background mutations in functional genetic studies. These strategies include the analysis of independent mutations, the use of sibling mutant lines, and backcrossing to the nonmutagenized line (Figure 4) .
Multiple Independent Lines
The use of multiple independent mutants is a good practice, especially in basic research projects, to avoid the potentially confounding effect of other mutations present in the same plant. In polyploid wheat, the mutants in different homoeologs represent a first level of replication. If the phenotype is observed only in plants combining mutation in all homoeologs, it is very unlikely that the effect will be caused by independent mutations in the same separate gene. For example, the probability of two mutant lines sharing by chance a truncation or missense mutation in the same second gene is P < 0.0003 in Kronos and P < 0.0005 in Cadenza. This drops dramatically to a probability of less than 1 in 100,000 or 1 in 5 million when three or four independent lines are examined (Supplemental File 3).
Sibling Lines
In tetraploid wheat, homozygous null mutants and wild-type sibling plants can be selected using molecular markers from segregating F 2 individuals from the cross between A and B genome mutants. These F 2 sibling plants differ at the gene of interest but share many of the same background mutations, resulting in a more valid comparison. The analysis of the segregating populations can be also used to rule out effects caused by unlinked mutations. In hexaploid wheat, the same strategy is effective although an additional cross is required to generate the F 2 triple mutants. This strategy, alongside the use of multiple independent lines, is best suited for basic research projects.
Backcrossing
Background mutations can not only confound gene-trait associations, but can also have detrimental effects on overall plant performance. Therefore, for quantitative traits, breeding applications, or when traits need to be assessed in plants grown under field conditions, it is advisable to backcross the mutants to the original parent one or two times to reduce the mutation load. The trade-off between reducing mutation load and time required for the backcrossing will ultimately depend on the objective of the experiment and the phenotype being studied. The time required to reduce the mutation load to acceptable levels can be shortened by selecting plants with the minimum number of background mutations in each generation. Because the positions of the mutations in the genome are known (16, 106), background selection can be used to minimize the length of the chromosome segments from the mutant line. Additionally, the use of accelerated growth conditions (33, 34) can further reduce generation time to approximately 10 weeks in Kronos and Cadenza (105) . This accelerated growth cycle is particularly useful for breeding applications, where more extensive backcrossing is justified to further reduce the load of background mutations. When mutations across multiple homoeologs need to be combined, it is prudent to backcross the single mutants separately and then intercross them to generate the desired double or triple mutants (29, 81) .
SUMMARY POINTS
1. Functional redundancy among homoeologs is more extensive in recently formed (young) polyploid species compared to older polyploids with more extensive diploidization.
2. A large number of recessive mutations are not detected by phenotypic selection in young polyploid species due to functional redundancy among homoeologs.
3. Domestication and previous breeding efforts have favored selection of dominant or semidominant mutations in polyploid wheat because these are usually epistatic over the other homoeologs, allowing the rapid detection of favorable phenotypes.
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4. Young polyploid species tolerate higher mutation densities than diploids, making them especially well suited to the development of sequenced mutant populations. This tolerance increases the number of mutant alleles recovered per plant, reducing the cost to identify them by high-throughput sequencing.
5. Useful recessive mutations identified in diploid relatives are valuable targets to combine mutant alleles in all homoeologs in the polyploid crop. Sequenced mutant populations and genome editing facilitate the identification of these loss-of-function mutant alleles in the polyploid crop species.
6. The combination of traditional mutagenesis with new high-throughput sequencing and genomics approaches has resulted in new powerful tools to analyze gene function in wheat. Alongside genome editing, these tools are changing the paradigm of what is possible in functional genetic analysis in wheat.
7. The strategies developed for the generation of sequenced mutant populations in wheat can be transferred to other polyploid crops.
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